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ABSTRACT

We present the abundance analysis for a sample of 7 red giant branch stars in the metal-poor globular cluster NGC 4372 based
on UVES spectra acquired as part of the Gaia-ESO Survey. This is the first extensive study of this cluster from high-resolution
spectroscopy. We derive abundances of O, Na, Mg, Al, Si, Ca, Sc, Ti, Fe, Cr, Ni, Y, Ba, and La. We find a metallicity of [Fe/H] =
—2.19 + 0.03 and find no evidence of any metallicity spread. This metallicity makes NGC 4372 one of the most metal-poor Galactic
globular clusters. We also find an a-enhancement typical of halo globular clusters at this metallicity. Significant spreads are observed
in the abundances of light elements. In particular, we find a Na-O anticorrelation. Abundances of O are relatively high compared
with other globular clusters. This could indicate that NGC 4372 was formed in an environment with high O for its metallicity. A
Mg-Al spread is also present that spans a range of more than 0.5 dex in Al abundances. Na is correlated with Al and Mg abundances
at a lower significance level. This pattern suggests that the Mg-Al burning cycle is active. This behavior can also be seen in giant stars
of other massive, metal-poor clusters. A relation between light and heavy s-process elements has been identified.

Key words. globular clusters: individual: NGC 4372 — stars: abundances

1. Introduction

Globular clusters (GCs) provide an exceptional laboratory for
studying the star formation history of a galaxy because they are
powerful tracers of the various components (halo, thick disk, and
bulge). Moreover, the ages, abundances, and kinematics of these

objects represent the fossil record of the galaxy formation pro-
cess, since they are among the oldest objects in the Universe.
Starting several decades ago, both spectroscopy and photometry
(e.g. Piotto et al. 2007; Gratton et al. 2012) have shown that GCs
are much more complex than previously imagined, in particular
with the almost ubiquitous discovery of multiple populations.
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None of the scenarios proposed to date can fully account for the
abundance trends observed in Galactic globular clusters (GGCs).
Detailed chemical studies of large samples of GGCs are required
to uncover the evolution of these objects. Providing high-quality
data on more GCs is clearly needed to strengthen any conclusion.
We present here results of the first-ever high-resolution spectro-
scopic analysis of the globular cluster NGC 4372 based on ob-
servations from the Gaia-ESO survey (GES, Gilmore et al. 2012;
Randich & Gilmore 2012).

The GES is a public spectroscopic survey using the high-
resolution multi-object spectrograph FLAMES on the Very
Large Telescope. Targeting more than 10° stars, GES covers all
the major components of the Milky Way from halo to star form-
ing regions, thereby providing a homogeneous overview of the
distribution of kinematics and elemental abundances. The survey
also maps a significant sample of more than 80 open clusters,
covering all the accessible cluster ages and masses.

Ensuring that GES has a maximum legacy impact is a key
priority. Thus the survey has identified a suitable set of objects
and fields for calibrating the data in terms of astrophysical pa-
rameters and abundance ratios (Pancino et al. 2012). By includ-
ing objects and fields that are a) well-studied in the literature;
b) in common with other large spectroscopic surveys; and/or
c¢) have extremely well measured properties, the results can be
put into context, compared with other surveys, and when avail-
able, combined with different data sets. The GES includes GGCs
as calibrators, adding some relatively unstudied clusters to the
ones already present in the ESO archive. To maximize the scien-
tific output from the calibrator data set, a good balance of manda-
tory, known, and new or interesting GGCs has been included in
the target selection. Within this context, this study focuses on
the chemical abundances of NGC 4372. With only limited spec-
troscopic data, nothing is known about any possible abundance
variations of this metal-poor halo cluster. We present here an
abundance analysis of a large number of elements (e.g., light
elements, a elements, iron peak elements, and neutron-capture
elements) and analyze its stellar population.

The vast majority of old GGCs studied in detail to date,
with the possible exception of Rup 106 (Villanova et al. 2013),
show the chemical signatures of hosting (at least) two stel-
lar populations. Several other cases like Pal 12 (Cohen 2004),
Ter 7 (TautvaiSiené et al. 2004; Sbordone et al. 2005), or Ter 8
(Carretta et al. 2014) have been proposed as potential single-
population globular clusters, but the small sample investigated
does not allow for clear conclusions. We also note that all these
objects except for Rup 106 are associated with the Sgr dwarf
galaxy. There has been much improvement in the study of mul-
tiple populations within GGCs. The main evidence for this com-
plexity comes from the chemical inhomogeneities that in most
cases are limited to light elements. Light elements like Li, C, N,
O, Na, Mg, and Al, are known to (anti-)correlate. The most out-
standing signature is the Na-O anticorrelation, detected so far in
every GC study (Carretta et al. 2009a,b), again with the likely
exception of Rup 106. These anomalies have also been observed
in old, massive extragalactic GCs in Fornax (Letarte et al. 2006)
and in the Large Magellanic Cloud (LMC; Mucciarelli et al.
2009), but not in intermediate-age LMC clusters (Mucciarelli
et al. 2014). A similar feature, often observed in some GCs, but
not all, is the anticorrelation between Al and Mg (Gratton et al.
2001; Carretta et al. 2009b). It is important to mention that these
abundance trends are not seen in the halo field stars.

This spectroscopic evidence has been interpreted as the
signature of material processed during H-burning by high
temperature proton-capture reactions (such as the Ne-Na and
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Mg-Al cycles). Several theoretical models have been pro-
posed to describe the formation and early evolution of GCs
(D’Ercole et al. 2008). The preferred explanation involves a
self-enrichment scenario, within which two subsequent gener-
ations of stars co-exist in globular clusters and where the sec-
ond is formed from gas polluted by processed material pro-
duced by massive stars of the first (Caloi & D’Antona 2011).
Several sources of processed ejecta have been proposed: the slow
winds of intermediate-mass asymptotic giant branch (AGB) stars
(D’Antona et al. 2002), fast-rotating massive stars (Decressin
et al. 2007), and massive binaries (de Mink et al. 2009). A recent
attractive alternative has been proposed by Bastian et al. (2013)
that implies only a single burst of star formation. They postulate
that the polluted gas concentrates in the center and is acquired
by low-mass stars of the first (and only) generation via disk ac-
cretion, while they are in the fully convective phase of the pre-
main sequence. This scenario has the distinct advantage of not
requiring that a very high percentage of the original cluster pop-
ulation has been lost. In addition, variations in heavier elements
have also been found in some massive GCs, such as w Centauri
(Marino et al. 2011), M54 (Carretta et al. 2010b), M22 (Marino
et al. 2009), NGC 1851 (Carretta et al. 2011), Terzan5 (Ferraro
et al. 2009), NGC 2419 (Cohen et al. 2010), M2 (Lardo et al.
2013; Yong et al. 2014), and M75 (Kacharov et al. 2013). They
are generally thought to be the vestige of more massive primi-
tive dwarf galaxies that merged with the Galaxy. Therefore, they
have important implications for the hierarchical merging sce-
nario of galaxy formation (Joo & Lee 2013). In this paper, we
use the widely accepted terminology of first and second genera-
tion of stars, referring to the unpolluted and polluted populations
regardless of the formation scenario.

NGC 4372 is an old and very metal-poor globular cluster
that despite its low degree of central concentration, has received
little attention, mostly due to reddening problems. It is located
close to the Galactic disk and in a dusty area of the Southern
Musca Constellation (RA = 12:25:45.40, Dec = —72:39:32.4;
[ = 300.99°, b = —9.88° Harris 1996, 2010 edition). At a
Galactocentric distance of Ry = 7.1 Kpc, NGC 4372 is listed in
the Harris catalog as having a low metallicity of [Fe/H] = —2.17
and a fairly high reddening of E(B — V) = 0.39, which makes
it difficult to see. In addition, NGC 4372 has been claimed to be
dynamically associated with NGC 2808 (Casetti-Dinescu et al.
2007).

Early photometric studies of this cluster (Hartwick & Hesser
1973; Alcaino 1974; Brocato et al. 1996) already revealed a
color-magnitude diagram (CMD) characteristic of very metal-
poor clusters with a well-defined horizontal branch that extends
far to the blue and with large and variable absorption. Alcaino
et al. (1991) present BVRI CCD photometry in two overlapping
fields. By comparison with theoretical isochrones, they derive an
age of 154 Gyr. In a more recent study, Rosenberg et al. (2000)
present a homogeneous photometric catalog of 39 GGCs in the
southern hemisphere. For NGC 4372 they report a foreground
reddening of E(B — V) = 0.42 and a horizontal branch (HB)
level of Vyg = 15.30 with a HB ratio (B—R)/(B+ V+R) = 1.00.
They explain the broadening of the CMD sequences as the con-
sequence of the high differential reddening probably due to the
nearby Coal-sack Nebulae. A dereddened, narrower CMD has
recently been constructed by Kacharov et al. (2014).

Spectroscopic studies of NGC 4372 are limited to medium-
resolution spectra. Using the near-infrared Ca1l triplet, Geisler
et al. (1995) determine a mean metal abundance of [Fe/H] =
—2.10+0.04 from 11 giant stars. They also report a mean helio-
centric radial velocity of vag = 73.2+1.4kms™'. Using a similar



I. San Roman et al.: Chemical abundances of NGC 4372

technique, Rutledge et al. (1997) estimate a value of [Fe/H] =
—2.03 £ 0.03 on the Zinn & West (1984, ZW84) scale and a
value of [Fe/H] = —1.88 + 0.05 on the Carretta & Gratton (1997,
CGY97) scale. A more updated value of [Fe/H] = —2.19 + 0.08
is provided by Carretta et al. (2009a). This value is determined
from the previously mentioned Call triplet data but based on a
more accurate metallicity scale. No further chemical study has
been performed.

In this paper, we present the first extensive study of
NGC 4372 from high-resolution spectroscopy. We perform an
abundance analysis of a large number of elements and analyze
the stellar population of the cluster. This paper is organized as
follows. Section 2 describes the observations and data reduction,
and Sect. 3 describes the methodology used to obtain the atmo-
spheric parameters and chemical abundances. Section 4 presents
our results including analysis of iron-peak elements, o elements,
and any (anti)correlation. Finally, Sect. 5 presents a summary of
our main results.

2. Observations and data reduction

The present work is based on the data collected by the GES from
the beginning of the survey up to the end of June 2013. These
observations are referred to as gesiDR2iDR3 and are available
inside the GES collaboration. As explained in Gilmore et al.
(2012), the GES consortium is structured in several working
groups, WGs, that have specific duties from target selection and
data reduction to delivery of science data. The data reduction
was performed using a workflow specifically developed for and
by GES that runs the ESO public pipeline (Modigliani et al.
2004; Modigliani & Larsen 2012). The pipeline was optimized
to reduce GES data, and it automatically performs sky subtrac-
tion, barycentric correction, and normalization. In addition, the
pipeline calculates radial velocities and a first guess of the ro-
tational velocities. A quality control was performed using the
output parameters from the ESO pipeline, by a visual inspection
of the spectra, and by the analysis of the signal-to-noise ratio of
the spectra. A detailed description of the data reduction methods
can be found in Sacco et al. (2014).

The present study only makes use of the UVES observa-
tions. While a small number of fibers can be dedicated to UVES,
their spectra have higher resolution than GIRAFFE and, just
as important, have ten times wider spectral coverage. For this
reason, UVES data are crucial for studies of precise chemi-
cal abundances of a large number of elements. As explained
in Sect. 3, this paper only makes use of Concepcion Node at-
mospheric parameters and chemical abundances rather than the
recommended GES values. Unfortunately, this node does not
analyze GIRAFFE spectra. Although ideally the use of GES
GIRAFEFE spectra for NGC 4372 would strengthen the conclu-
sion of this paper, the different techniques and methods em-
ployed, for this specific science case, would introduce an un-
desirable heterogeneity.

For our detailed chemical abundance analysis of seven red
giant branch (RGB) stars observed with UVES here, the stars
were observed in the set-up with central wavelength 580 nm.
The spectra were taken in two arms, resulting in a wavelength
coverage of 470-684 nm with a gap of ~5 nm in the center. The
FLAMES-UVES fibers have an aperture on the sky of 1”, re-
sulting in a resolving power of R = 47000. The observations
were taken between March 11 and March 16 of 2012 with a
mean signal-to-noise ratio in the spectrum of ~50. Targets for
UVES were high-probability cluster members and, in particular,
evolved stars. Figure 1 shows the spatial distribution of the seven

Fig. 1. A 15’ x 15’ digitized sky survey image centered on NGC 4372.
North is up and east to the left. The red symbols correspond to the spa-
tial distribution of the 7 stars analyzed. The dashed circles correspond to
the core radius, r, = 1.7" (Harris 1996, 2010 edition), and the half-light
radius, r, = 3.4’ (Kacharov et al. 2014).

RGB stars covering a wide area around NGC 4372, while Fig. 2
presents CMDs of the cluster with the analyzed stars indicated.
Targets for globular clusters were selected by WG5S (Calibrators
and Standards; coordinator: Pancino). More details can be found
in Pancino & Gaia-ESO Survey consortium (2012).

The radial velocity information, available for all the tar-
gets observed, is determined within WGS8 by cross-correlation
against real and synthetic templates. The typical error on the ra-
dial velocities of UVES targets is about 0.4 kms~'. The mean
radial velocity value for the seven targets iS (vraq) = 72.6 %
1.3 kms~!, while the dispersion is 3.6 kms~'. The mean ra-
dial velocity is in excellent agreement with the value found by
Geisler et al. (1995) of (vrq) = 73.2 + 1.4 kms~! where the er-
ror is given by the standard error of the mean. More recently,
Kacharov et al. (2014) present an extensive kinematic study of
this cluster using FLAMES/GIRAFFE observations of 131 stars.
They find a mean radial velocity of v, = 75.9 + 0.3 km s~
and a central velocity dispersion of oy = 4.5 + 0.3 kms™!. As
part of the Gaia-ESO survey, the kinematics of seven GGCs is
present in Lardo et al. (2015). Using FLAMES/GIRAFFE they
analyzed spectra of more than 100 stars and obtained a mean
radial velocity of v; = 75.2 + 0.4 kms~! with a velocity disper-
sion of 3.9 kms~!, confirming the membership of our objects.
The stellar parameters of stars analyzed in our study are summa-
rized in Table 1. Photometric magnitudes of the observed stars
are compiled by GES and presented in Table 2.

3. Atmospheric parameters and abundance
analysis

The astrophysical parameters obtained from the analysis of the
gesiDR2iDR3 data set will be part of the first Gaia-ESO public
release of advanced data products. Within WG11, the spectro-
scopic analysis of UVES data is performed by 13 subgroups, so-
called nodes. A multiple parallel analysis of the full data set has
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Table 1. Basic parameters of the observed stars.

Cname* Urad SNR? Te log(g) 3 [Fe/H]

(kms™) (K) (dex) (kms™) (dex)
1 12250638-7243067 68.6 +0.5 51.17 4586+86 0.70+0.20 1.56+0.10 -2.23+0.21
2 12250660-7239224 679 +0.3 34.63 4646 +56 1.17+0.15 1.68+0.03 -222+0.15
3 12253419-7235252 7277 +0.7 5573 4527 +33 0.55+0.07 150+0.17 -2.15+0.07
4 12253882-7245095 76.0+0.6 4545 4656 +114 1.19+047 1.56+020 -2.21+0.20
5  12260765-7236514 752 +0.5 71.14 4466 +38 055+0.09 1.65+0.05 -220+0.17
6 12264293-7241576  71.0+0.7 4435 4712+87 1.19+0.21 1.55+0.13 -2.15+0.12
7 12264875-7239413 769 +0.4 43.89 4633 +68 084 +0.34 1.54+005 -244+0.16

Notes. ” GES object name. It is formed from the coordinates of the object splicing the RA in hours, minutes, and seconds (to 2 decimal places)
and the Dec in degrees, minutes, and seconds (to 1 decimal place) together, including a sign for the declination. ¢’ Mean signal-to-noise ratio in

the spectrum.

Table 2. Photometric properties of the observed stars.

Cname* BY %4 i H¢ K¢ E(B-V) HURAC Upec’
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mas/yr)  (mas/yr)

1 12250638-7243067 14.70 1322 11.52 1030  9.61 9.44 0.57 —-6.10 4.80
2 12250660-7239224  15.22 13.80 12.11 10.86 10.15  9.98 0.57 —-12.40 6.70
3 12253419-7235252 14.83 1321 11.29  9.92 9.18 8.97 0.59 -7.10 8.60
4 12253882-7245095  15.15 13.84 12.21 11.10 1043 10.28 0.54 -5.50 9.90
5 12260765-7236514  14.66 13.12 1125 992 9.19 8.97 0.58 —-13.80 9.00
6 12264293-7241576  15.08 13.76  12.14 1098 1030 10.16 0.54 -1.10 0.60
7 12264875-7239413  15.16  13.82 12.08 10.87 10.17  9.98 0.55 -0.10 13.40

Notes. » GES object name. It is formed from the coordinates of the object splicing the RA in hours, minutes, and seconds (to 2 decimal places)
and the Dec in degrees, minutes, and seconds (to 1 decimal place) together, including a sign for the declination. ®* Magnitudes from APASS
(AAVSO photometric All-sky Survey). ) Magnitudes from 2MASS (Skrutskie et al. 2006). ” Reddening values from the Galactic dust extinction
(Schlegel et al. 1998). © Proper motion in RA and Dec from UCAC (Zacharias et al. 2010).
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Fig. 2. Color-magnitude diagrams of the globular cluster NGC 4372
on an area of 6.0’ x 5.2’. The red symbols correspond to the analyzed
RGB stars'.

been implemented where different nodes use different method-
ologies. Unfortunately, only a small number of nodes reported

' The photometric catalog was generated by WGS5 based on UBVI

archival images and collected at the Wide-Field Imager (WFI) at
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atmospheric parameters for NGC 4372 stars. As explained in
Smiljanic et al. (2014), GES recommended parameters were
computed only if at least three nodes provided parameters for
a given star. This decision was made based on internal policy
rather than the reliability of the values. We decided to make
use of Concepcion Node atmospheric parameters and chemical
abundances during the following analysis. A critical evaluation
of the performance of Concepcion Node, based on a series of
calibrators, is presented in Smiljanic et al. (2014). In addition,
Concepcion Node is the only one that provides key elements
such as O or Na for the seven stars observed in NGC 4372.

The atmospheric parameters for NGC 4372 reported by the
Concepcion Node correspond to the GES iDR1 (internal data
release 1) and were determined by at least five different nodes
in a system of multiple parallel analysis. The methodology and
codes used by each node are described in detail in Appendix A of
Smiljanic et al. (2014), and they range from the classical method
of equivalent width (EW) to the use of libraries of observed
and/or synthetic spectra. This strategy has two main advantages:
it 1) ensures that all sources of errors are well-understood and
quantified, including method-dependent effects; 2) ensures that
all types of objects can be properly analyzed. To guarantee the
homogeneity of the final results, a number of constraints have

the 2.2 m ESO-MPI telescope (Programs: 164.0-0561 (PI: Krautter),
68.D-0265 (PI: Ortolani), and 69.D-0582 (PI: Ortolani)). The im-
ages were prereduced using IRAF package MSCRED (Valdes 1998),
while the stellar photometry was derived by using the DAOPHOT 11
and ALLSTAR programs (Stetson 1987, 1992). Stetson standard
fields (Stetson 2000) were used to photometrically calibrate the data,
while astrometric calibration was performed with the catalogs UCAC3
(Zacharias et al. 2010) and GSC2 (McLean et al. 2000).


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201525722&pdf_id=2

I. San Roman et al.: Chemical abundances of NGC 4372

Table 3. Abundance ratios.

EL Method”  Nlines” 1 2 3 4 5 6 7 Mean®

[O/Fe] SYNTH 1 0.22 0.36 0.53 0.46 0.67 0.39 0.80  0.44 +0.07
[Na/Felnere  SYNTH 2 0.39 0.91 0.53 0.69 0.07 0.67 0.53 054+0.13
[Mg/Fe] EW 4 0.41 0.69 0.37 0.45 0.20 0.53 0.62 0.44 +0.07
[Al/Fe] EW 2 0.65 1.16 0.85 1.12 1.01 0.01  0.96 £0.10
[Si/Fe] EW 1 0.46 0.52 0.48 0.77 0.48 £0.02
[Ca/Fe] EW 18 0.25 0.29 0.19 0.24 0.22 0.28 0.60 0.24 £0.02
[Sc/Fe] SYNTH 1 -004 -009 -0.14 -0.14 -0.03 -0.11 -0.01 -0.09+0.02
[Ti/Fel? EW 14 0.29 0.40 0.24 0.30 0.23 0.38 0.53 0.31+0.03
[Fe/H] EW 100 -223 222 =215 221 220 -2.15 =244 -219+0.02
[Cr/Fe] EW 6 -038 -020 -033 -037 -036 -028 -0.15 -0.32+0.03
[Ni/Fe] EW 6 0.07 -0.03 0.14 -0.03 -0.06 0.07 0.06 0.03+0.03
[Y/Fe] SYNTH 1 0.05 0.01 0.03 0.00 0.10 0.09 0.06  0.05+0.02
[Ba/Fe] SYNTH 1 -029 -0.15 -0.09 -0.16 -0.11 -0.17 -0.23 -0.16+0.03
[La/Fe] SYNTH 1 0.09 -0.03 -036 -031 -0.06 -0.06 0.14 -0.12+0.08

Notes. > Method used in the abundance determination: SYNTH (spectrum-synthesis method), EW (equivalent width method). ¥ Average number
of lines employed in the abundance determination. ¢ Values obtained excluding Star #7.  Values obtained from the average of TiI and Ti IL

been imposed. These constraints include the use of a common
line list (Heiter et al., in prep.), the use of one single set of model
atmospheres (the MARCS models, Gustafsson et al. 2008), the
use of a single synthetic spectrum library (de Laverny et al.
2012; Recio-Blanco et al., in prep.), a common solar zero point
(Grevesse et al. 2007), and the analysis of common calibration
targets. To understand the precision and accuracy of the atmo-
spheric parameters, GES makes use of the Gaia benchmark stars
and a set of calibration clusters. The accuracy is judged by the
ability of a given node to recover the reference atmospheric pa-
rameters of the benchmark stars from their analysis. The pre-
cision is judged by the ability of a node to reproduce its own
results from multiple analysis of the same star. A detail explana-
tion of the performance of each node, as well as of how the atmo-
spheric parameters were determined, can be found in Smiljanic
et al. (2014). Table 1 summarizes the derived atmospheric pa-
rameters for NGC 4372 stars. The error reported for each pa-
rameter corresponds to the dispersion among the results from
different methodologies. This method-to-method dispersion is
defined as the degree to which multiple methodologies can agree
on the abundance of a star. Although this dispersion is not prop-
erly the physical uncertainty of the values, it is a good indicator
of the precision and is adopted as the typical uncertainty. To fur-
ther investigate the reliability of these values, Fig. 3 shows the
derived atmospheric parameters of the stars compared with those
derived from isochrones.

The chemical abundances for Mg, Al, Si, Ca, Ti, Cr, and Ni
were obtained using the EWs of the spectral lines. The EWs
were determined with the automatic code DAOSPEC (Stetson
& Pancino 2008). GALA (Mucciarelli et al. 2013) was used to
determined the elemental abundances. To complete the analysis
and include other key elements, the abundances of O, Na, Sc, Y,
Ba, and La were also obtained. For this set of elements whose
lines are affected by blending, the spectrum-synthesis method
were used. The local thermodynamic equilibrium (LTE) pro-
gram MOOG (Sneden 1973) was used for this purpose. Five
synthetic spectra having different abundances for each line were
calculated, and the best-fitting value estimated as the one that
minimizes the RMS scatter. Only lines not contaminated by tel-
luric lines were used. For both methods, the GES guidelines re-
garding the use of the GES line list (Heiter et al., in prep.), the
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Fig.3. Parameters of the stars in the T.4- log g plane. The solid
line corresponds to the isochrone computed with the web tool of the
PARSEC group (Bressan et al. 2012).

use of MARCS model atmospheres (Gustafsson et al. 2008) and
the use of the Grevesse et al. (2007) solar-zero point were strictly
followed. In addition, the Na abundance was recomputed and
a non-LTE correction was applied based on Mashonkina et al.
(2000). All these Na abundances were NLTE-corrected. We re-
fer the reader to Smiljanic et al. (2014) for a detailed description
of the abundance analysis. The chemical abundances of the ob-
served stars are presented in Table 3.

An internal error (star-to-star) analysis of the derived abun-
dances was performed to properly quantify the internal spread
of abundance within a cluster. Table 4 lists the two primary
sources of errors contributing to the total budget (o): the un-
certainties in the measurements and the uncertainties associated
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Table 4. Sensitivity of derived abundances to the atmospheric parameters and EWs.

AT =70 (K) Alogg=0.19 (dex) A£=0.14(kms™") 0w T Tobs
A[O/Fe] 0.04 0.07 0.03 0.04 0.09 0.15
A[Na/Fe] 0.00 -0.07 -0.03 0.04 0.09 0.29
A[Mg/Fe] 0.11 -0.08 -0.07 0.02 0.15 0.16
A[Al/Fe] 0.02 0.04 0.03 0.04 0.07 0.21
A[Si/Fe] 0.04 0.00 -0.02 0.02 0.05 0.03
A[Ca/Fe] 0.08 -0.01 -0.06 0.02 0.10 0.04
A[Sc/Fe] 0.12 0.16 0.10 0.05 0.23 0.05
A[Ti/Fe] 0.00 0.07 -0.04 0.05 0.09 0.07
A[Cr/Fe] 0.14 0.01 -0.10 0.03 0.17 0.07
A[Ni/Fe] 0.13 0.01 -0.08 0.02 0.15 0.08
ALY /Fe] 0.03 0.07 -0.01 0.06 0.10 0.04
A[Ba/Fe] -0.09 -0.06 -0.02 0.06 0.13 0.07
A[La/Fe] 0.12 0.14 0.08 0.07 0.21 0.17

Notes. The sensitivity determination was performed for Star #3. o gy is the error in the measurements. o, is the squared root of the sum of the

squares of the individual errors. oo is the mean observed dispersion.

with the atmospheric parameters. Parameter ogy corresponds
to the mean chemical abundance variation due to error on the
EW measurements. Uncertainties in the measurements of EWs
were computed by DAOSPEC (Stetson & Pancino 2008). These
confidence intervals estimate the goodness of the fit but also take
the quality of the spectrum into account (resolution, signal-to-
noise ratio, spectra defects, etc.). These EW errors, EW,, are
used by GALA (Mucciarelli et al. 2013) to obtain the uncer-
tainty on the abundance of each element by varying the EW
by 1EW,,. For the elements whose abundance was obtained
by spectrum synthesis, ogw was obtained as the error given by
the fitting procedure. An internal error analysis was performed
by varying T.g, log(g), and ¢ and redetermined abundances of
Star #3, selected as having representative atmospheric parame-
ters. Parameters were varied by AT = +70 K, Alog(g) = +0.19,
and A¢ = +0.14 km s~!. which correspond to the mean error of
the sample parameters. We note that these parameter variations
are smaller than the standard steps in the MARCS model grid.

The MARCS model interpolator? was used to generate inter-
mediate models from the initial grid. The program interpolates
the thermal structure (7'), the electronic pressure (P.), the gas
pressure (P,), the opacity («), and the micro turbulence veloc-
ity (&) as a function of T.g, log(g), and metallicity [M/H]. The
interpolator has been extensively tested on a previous grid of
MARCS models that considers the following range of parame-
ters: 3800 K < T < 7000 K, 0.0 < logg < 5.0, and —4.0 <
[M/H] < 0.0 (Masseron 2006). The interpolation is optimized to
account for non-linearities in the grid, and the new interpolated
model must lie inside a complete cube of existing models in the
parameter space (T, log g, [M/H]). With the actual grid param-
eter steps, maximum errors in the interpolated quantities remain
below 0.25% and a few % for P, and P-.

Within these limits, we do not consider that the error bud-
get might increase dramatically and that the mean method-
to-method dispersion drives the sensitivity to atmospheric
parameter variations. This estimation of the internal error was
performed following the prescription of Marino et al. (2008).
The final total error, (o), was computed as the square root
of the sum of the squares of the individual errors. Table 4 also

2 The program and a detailed user manual are available on the MARCS
web site: http://marcs.astro.uu.se
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lists the observed star-to-star dispersion (o). We would like to
point out that our goal is to search for evidence of star-to-star
intrinsic abundance variation in each element by comparing the
observed dispersion (oops) and the internal errors (o). For this
reason, external sources of error as systematics that do not affect
relative abundances are not considered.

4. Results
4.1. Chemical homogeneity of the cluster

Chemically inhomogeneous populations are observed in virtu-
ally all massive, old globular clusters that have been studied to
date, but not in open clusters, with the possible exception of
NGC 6791 (Geisler et al. 2012, but see Bragaglia et al. 2014
and Cunha et al. 2015). Studying the chemical homogeneity or
inhomogeneity of a cluster is necessary to better understand the
mechanism of their formation. A large body of evidence now
shows that the stars in a GC do not share the same chemical com-
position (Gratton et al. 2012). As a general rule we can define a
globular cluster as an object that is homogeneous in its Fe con-
tent and most other heavy elements, but the light elements Li,
C, N, O, Na, Mg, and Al can show substantial intracluster vari-
ations. We investigate the degree of inhomogeneity of the abun-
dances of cluster members in NGC 4372.

Figure 4 shows the abundance ratios versus [Fe/H] for indi-
vidual member stars in the cluster. In each panel, the intersection
of the dashed lines delimits a 1o area around the average value.
Star-to-star error bar is indicated. Star #7 stands out as slightly
more metal poor than the main body of cluster members. The
a elements of this peculiar star also stand out from the cluster
mean abundances, except for Mg. The radial velocity and stellar
parameters for this object shown in Table 1 agree with those of
the rest of the observed stars, but the distinct chemical pattern of
this star suggests that it has some kind of anomaly or that it may
not be a member. The possibility of Star #7 being in a binary
system would likely alter its radial velocity and artificially lower
its derived metallicity owing to the increased continuum flux.

As part of the quality control, GES final products include two
binary flags. a) A visual inspection of the cross-correlation func-
tion (CCF), computed before co-adding multi-epoch observa-
tions, is performed. A star is flagged as a candidate double-lined
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Fig. 4. Abundance ratios versus [Fe/H] for individual members of the cluster. The dashed lines indicate the 1o area around the average value.

spectroscopic binary, if the CCFs are characterized by more than
one peak or a single peak with strong asymmetries. b) A star
is classified as a single-lined spectroscopic binary if the me-
dian absolute deviation of multi-epoch repeated measurements
of the radial velocity is larger than twice the error on the radial
velocity.

None of the NGC 4372 observed stars have been flagged as
binary candidates. Given its spatial location, velocity, position in
the CMD, and low metallicity, it seems very unlikely that this is a
field star. Kacharov et al. (2014) show that according to the pre-
diction of the Besancon Galactic model, only a few field stars
with that velocity are expected in the direction of NGC 4372
where none of them are more metal poor than —1.8 dex. This
supports the view that Star #7 is a cluster member. Lapenna
et al. (2014) suggest that NLTE effects driven by over ionization
mechanisms are present in the atmosphere of AGB stars and sig-
nificantly affect Fel lines, while leaving Fell features unaltered.
This effect could underestimate the metallicity of AGB stars. The
low metallicity value of this peculiar star could come from being

an AGB star. It is still unclear why the a elements of this star are
also significantly different. To be cautious and conservative, we
exclude Star #7 from the analysis.

Figure 5 presents the abundance pattern analyzed in
NGC 4372. The box plot illustrates the median and the interquar-
tile range (IQR) of the derived values. Possible outliers are
also included where an outlier is defined if it deviates by more
than 1.5 IQR. A wide abundance ratio range is present for O, Na,
Mg, and Al. The star-to-star variations are smaller for the heavier
elements. La presents a wide abundance range, but we note that
the errors in the derived abundances of Sc and La are very large.
For both elements, the spectrum-synthesis method with only a
single line (Sc 11 15684.202 A and La1 15122.995 A) was used
to derived the abundances. The sensitivity of the derived abun-
dances for these two elements to the atmospheric parameters,
and specifically to Teg and log g (see Table 4), is very significant,
and any conclusion drawn from these two elements should be
treated with caution. To investigate the degree of homogeneity
of the abundances further, we compare the scatter produced by
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Fig. 5. Box plot of the NGC 4372 star element abundances. Star #7 has
been excluded. For each box, the central horizontal line is the median of
the data, while the lower and upper lines indicate the first and third quar-
tiles. The whiskers extend out to the maximum and minimum values of
the data. Outliers are identified by small circles.

internal errors, (0ot), With the observed dispersion in the chemi-
cal abundances, (07 ). These values correspond to Cols. 6 and 7
of Table 4. One can consider inhomogeneity when the intrinsic
scatter is significantly higher than the expected dispersion given
by the internal errors. If we exclude Star #7 from the error esti-
mation, a clear intrinsic spread can only be identified in O, Na,
and AL

4.2. Iron and iron-peak elements

We obtain a mean metallicity for NGC 4372 of [Fe/H] = -2.23 +
0.10. Figure 4 shows no evidence of any intrinsic Fe abundance
spread, with the exception of Star #7. As discussed in the previ-
ous section, this star is anomalous in its chemical behavior, and
we prefer to exclude it from cluster means. The issue of intrin-
sic metallicity spreads in GGCs is of great current interest. Such
spreads are found generally only in the most luminous GGCs,
with My < —8.5. NGC 4372 has My = —7.8, so it is unlikely to
host an intrinsic Fe abundance spread. However, we do note that
Geisler et al. (1995) did find one of their sample of 11 stars to be
significantly (about 0.5 dex) more metal poor than the rest. This
star, like Star #7, also had a velocity compatible with member-
ship. Excluding Star #7, we found a mean [Fe/H] value of

[Fe/H] = -2.19 £ 0.03.

The first attempt to derive a metallicity for NGC 4372 was by
Zinn & West (1984, ZW84), who obtained a value of [Fe/H] =
—2.08 £ 0.15. Most recently, Geisler et al. (1995) have an-
alyzed the medium-resolution spectra of ten giant stars and
obtained, through the near-infrared Call triplet technique, a
mean metallicity of [Fe/H] = —2.10 + 0.04. Several other au-
thors have attempted to derive the metallicity based on similar
techniques but using different scales with a variety of results
(e.g., [Fe/H]zwsa = —2.03; Rutledge et al. 1997). Carretta et al.
(2009c¢) adopt a new scale that is a fundamental shift from the
older and widely used ZW84 metallicity scale. The authors ar-
gue that this traditional scale was calibrated against only a hand-
ful of high-dispersion spectroscopic [Fe/H] values available at
that time. Carretta et al. (2009c) define an accurate and updated
metallicity scale using high-dispersion and high signal-to-noise
spectroscopic measures of 19 GCs covering the metallicity range

A6, page 8 of 14

_ 05F + 3
[} F * o ]
L L L] m
S 00F edc, rx s
‘U_') E ° ’ ° ]
-0.5F o.':." =
0.5F 3
'E' F + L ]
> 0.0F X .&.** * o.‘o . ]
=) : 'S . ]
_0'5_— ° ) ] -
F ° ° ]
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

_ o5k 3
L - .'. 0. * E
S 00pIS et P RNE WA ;
~ _osf * R PR =
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

-3 -2 -1 0

[Fe/H]

Fig. 6. Iron-peak element ratios ([Sc/Fe], [Cr/Fe], [Ni/Fe]) versus
[Fe/H]. Red symbols correspond to values for NGC 4372 from the
present study where the open red circle corresponds to peculiar Star #7.
Blue stars are Galactic globular clusters (Ivans et al. 2001; Lee et al.
2005; Lee & Carney 2002; Carretta 2006; Carretta et al. 2009a, 2010a;
Villanova & Geisler 2011; Muiioz et al. 2013; Koch & McWilliam
2011). Gray symbols are halo and disk stars (Fulbright 2000; Reddy
et al. 2003, 2006; Cayrel et al. 2004), and black symbols corre-
spond to extragalactic objects: Draco, Sextans, Ursa minor, Carina, and
Sagittarius dwarf galaxy (Shetrone et al. 2001; Sbordone et al. 2007;
Koch et al. 2008a) and the ultra-faint dwarf spheroidals Bootes I and
Hercules (Ishigaki et al. 2014; Koch et al. 2008b). A star-to-star error
bar is indicated.

of the bulk of GGCs. Based on this scale, they provide a value of
[Fe/H] = —2.19 + 0.08 for NGC 4372 metallicity, using Geisler
et al. (1995) Call triplet data. This updated result is in excellent
agreement with our metallicity. The RMS scatter of our metal-
licity is a measure of the intrinsic spread of iron in the cluster.
Carretta et al. (2009¢) confirm that the scatter in Fe of most
GCs is very small with an upper limit of less than 0.05 dex.
Our observed scatter is consistent with what is expected from
errors, so we conclude that there is no clear metallicity spread in
NGC 4372, with the caveat that Star #7 is considered either an
outlier for other reasons or a non-member.

The chemical abundances for the iron-peak elements Sc, Cr,
and Ni are listed in Table 3. The values are solar within the errors
except for the Cr abundance which is underabundant. Figure 6
shows the elemental abundance of each star compared with a va-
riety of Galactic and extragalactic objects. We have included val-
ues from GGCs (Ivans et al. 2001; Lee et al. 2005; Lee & Carney
2002; Carretta 2006; Carretta et al. 2009a, 2010a; Villanova &
Geisler 2011; Muiioz et al. 2013; Koch & McWilliam 2011),
disk and halo stars (Fulbright 2000; Reddy et al. 2003, 2006;
Cayrel et al. 2004), and extragalactic objects, such as Draco,
Sextans, Ursa Minor, the Sagittarius dwarf galaxy, and the ultra-
faint dwarf spheroidals Bodtes I and Hercules (Shetrone et al.
2001; Sbordone et al. 2007; Ishigaki et al. 2014; Koch et al.
2008a,b).

In general, we find that NGC 4372 stars have abundances of
these elements that agree with those of other GCs and halo field
stars of similar metallicity.
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Fig.7. « element ratios ([Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe]) versus
[Fe/H]. Symbols are as in Fig. 6.

4.3. «a elements

All the a elements listed in Table 3 (Mg, Si, Ca, Ti)? are over-
abundant compared to the Sun. This is a common feature among
almost all GCs, as well as among similarly metal-poor halo field
stars in the Galaxy. A glaring exception is Rup 106 (Villanova
et al. 2013), which shows solar @ element abundances. Figure 7
shows the @ element (Mg, Si, Ca, Ti) ratios as a function of
metallicity. For comparison purposes, we have included values
from GGCs, disk, and halo stars and extragalactic objects. The
sources of the data are the same as those given in the previous
section. The a elements in NGC 4372 seem to follow the same
trend as GGCs and are fully compatible with halo field stars.
Star #7 stands out from the cluster behavior, suggesting once
again the singularity of this star. Excluding Star #7, we derive
for NGC 4372 a mean «a element abundance of

[a/Fe] = +0.37 = 0.07.

Figure 8 represents the [a/Fe] versus [Fe/H] relation using the
symbols and colors defined in Fig. 7. Similar to halo Milky Way
stars, GGCs show a constant overabundance of « elements over
a wide range of metallicities ([Fe/H] < —1). In contrast, metal-
rich dwarf spheroidal galaxies, [Fe/H] > -2, tend to have a much
lower @ content than Galactic objects at similar metallicity, in
some cases leading to even subsolar ratios (Geisler et al. 2007).
NGC 4372 falls in a region where both Galactic and extragalactic
objects overlap in their @ element content, so it is not possible to
draw conclusions regarding its origin from this diagram.

3 Since O shows a star-to-star variation and the Na-O anticorrelation
(see Sect. 4.4), it will be treated separately.

: —:
[ .:. *
0.4 o b5 TmFFLSRele .
L . 2
—_ I A **3 * ok
L?_’ 0.2 B L] .. & N
N [ % <
S I ) LIS
— - ° .. . -
0.0 o . ° o R
L [ TX J
L 'S ° o J
-0.2 C + . .o 5
L ° -
_0.4 [ 1 1 1 1 ]
-4 -3 -2 -1 0
[Fe/H]

Fig.8. Mean «a element abundance versus [Fe/H]. Symbols are as in
Fig. 6.

4.4. Na-O anticorrelation

The Na-O anticorrelation is the classical signature of the pro-
cess of proton-capture reactions in H-burning at high tempera-
ture in a previous generation of stars. All those GGCs studied
in detail to date show this feature with the possible exception
of Ruprecht 106 (Villanova et al. 2013). It is important to men-
tion that such abundance trends are not seen in the halo field
stars with similar metallicity. As described in the Introduction,
this chemical signature has been proposed for defining a GC
(Carretta et al. 2010c). Figure 9 shows the Na-O abundances in
the stars of our sample. For comparison purposes, abundances
of GGCs and halo and disk field stars have been overplotted.
In addition, two distinct Na-O anticorrelations have been plot-
ted with lines that correspond to the dilution models determined
by Carretta et al. (2009b). One is O richer and is represented
by the trend of the stars in NGC 7078 (M15) ([Fe/H] = -2.31),
while the other is O poorer and is represented by the trend of the
stars in NGC 2808 ([Fe/H] = —1.51). Following Carretta et al.
(2009b), we have obtained the dilution model for NGC 4372.
NGC 4372 stars have a clear intrinsic dispersion and apparent
anticorrelation, which corroborate the chemical inhomogeneities
found in Sect. 4.1. Figure 9 confirms the initial assumption
that NGC 4372 is a multiple-population GC. Star #1 shows a
value of [O/Fe] that is significantly lower than in the rest of
the sample. This star does not follow the Na-O anticorrelation
described by the rest of the stars in NGC 4372. The O abun-
dances were obtained using the line 16300.30 A. This line is
significantly weaker in Star #1 than in the rest of the sample.
In addition, NGC 4372 stars inhabit an area in the figure that
follows the general GCs trend, although our sample lies at the
high [O/Fe] end.

Some interesting characteristics can be identified among our
sample. One star is very Na-poor/O-rich, which would corre-
spond to the putative primordial stellar component, while a
group of Na-rich/O-poor stars would be associated with a second
generation of stars. However, the low number statistics doesn’t
let us confirm that split. Our sample does not seem to show any
star with very large O-depletion that would lie in the extreme re-
gion, resembling the behavior of other metal-poor clusters, such
as NGC 7078 (M15), NGC 7099, or NGC 4590 (Carretta et al.
2009b).

The dilution model considered by Carretta et al. (2009b)
to explain the Na-O anticorrelation (Fig. 9) makes the basic
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Fig. 9. [O/Fe] vs. [Na/Fe]. Red symbols correspond to this study where
the open red symbol corresponds to the peculiar Star #7. Black symbols
correspond to GGC data from Carretta et al. (2009a), and gray sym-
bols to halo and disk field stars from Fulbright (2000), Reddy et al.
(2003), and Reddy et al. (2006). Blue solid lines correspond to the di-
lution model from Carretta et al. (2009b) for NGC 7078 (M15) and
NGC 2808. The red dash-dotted line is the dilution model for NGC 4372
considering the full sample of stars and the red dashed line is the di-
lution model but excluding Star #7. The black lines are the empirical
separations into primordial, intermediate, and extreme populations ac-
cording to Carretta et al. (2009b). The star-to-star error bar is indicated.

assumptions: a) the polluting material has a well-defined com-
position and b) that polluting material is then diluted with a vari-
able amount of primordial material producing the characteris-
tic pattern of the Na-O anticorrelation. The minimum Na and
maximum O abundances in each cluster represent the original
Na and O composition of the cluster. NGC 4372 has abundances
for O that are slightly high compared with the sample of Carretta
et al. (2009b). High values of O content (as an a element) would
imply a marginal contribution by Type-Ia SNe to their original
composition. However, the rest of the a abundances (Mg, Si, Ca,
and Ti) analyzed in NGC 4372 are fully compatible with GGCs
(Figs. 7 and 8). The apparent offset of the Na-O anticorrelation
observed in Fig. 9 could indicate that NGC 4372 was formed in
an environment with high O for its metallicity.

4.5. Mg-Al cycle

In addition to the CNO and Ne-Na cycles, there is evidence
that the Mg-Al cycle is also active in GC polluters. Models pre-
dict that Al should show correlations with elements that are en-
hanced by the action of the Ne-Na (such as Na) and Mg-Al cy-
cles and should anti-correlate with elements that are depleted in
H-burning at a high temperature (such as O and Mg) (see dis-
cussion in Gratton et al. 2012). We analyzed the abundances of
some proton-capture elements to identify any (anti)correlation in
the cluster.

The pattern of abundances of the elements participating in
proton-capture reactions (Na, Al, Mg, Si) observed in NGC 4372
giant stars is summarized in Figs. 10 and 11. The level of scatter
in all these plots is significant. For comparison purposes, abun-
dances of GGCs and halo and disk field stars have been over-
plotted. If the temperature is high enough, one should expect
some degree of anticorrelation between Mg and Al; however,
the production of Al at the expense of Mg via the MgAl-cycle
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Fig. 11. Same as Fig. 10 but for [Si/Fe] versus [Al/Fe], [Si/Fe] versus
[Mg/Fe], [Na/Fe] versus [Al/Fe], and [Na/Fe] versus [Mg/Fe]. Symbols
are as in Fig. 9. Star-to-star errors bars are indicated in each panel.
Dotted red lines correspond to the linear fit excluding star #7. The slope
of each fit is represented as @ with the corresponding sigma error. The
parameter r corresponds to the Pearson correlation coefficient.

does not result in such a well-defined anticorrelation as the Na-
O one (Langer & Hoffman 1995). In fact, large variations in Al
are often accompanied by much smaller changes in Mg abun-
dances (Carretta et al. 2009a). The Mg-Al behavior in NGC 4372
(Fig.10) presents similar features to the ones found in studies of
other GGCs (Carretta et al. 2009a).

A clear Al spread is present in our sample with a star-to-
star variation range in the Al abundances of ~0.5 dex (exclud-
ing Star #7), but we do need to consider the potential influ-
ence of NLTE effect in Al abundances. Thygesen et al. (2014)
show that there is a non-negligible NLTE effect on at least
some Al lines. This NLTE effect correlates with T.; where
cooler stars would show stronger negative NLTE correction that
warmer ones. Taking the narrow range of stellar parameters
(and in particular 7T.r) of our sample stars into account, the
Al spread should not be affected significantly by NLTE cor-
rections. On the other hand, the larger uncertainty on Mg sug-
gests that Mg may be consistent with no spread. The correla-
tion detected among stars of NGC 4372 follows the behavior
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displayed by GGC stars with a clear distinction from disk and
halo field stars. Unlike the well-known O-Na anticorrelation, the
Mg-Al anticorrelation is more difficult to reproduce in simula-
tions (Denissenkov et al. 1998; Ventura et al. 2001). Carretta
et al. (2009a) show that Al-rich and Mg-depleted stars are only
present in massive clusters (NGC 2808, NGC 6388, NGC 6441),
metal-poor clusters (NGC 6752), or both (NGC 7078 = M15).
In those clusters, a clear Mg-Al anticorrelation is observed even
among main sequence stars (Bragaglia et al. 2010). More pre-
cise Mg values would be required to clarify the present of a Mg
spread in NGC 4372. The presence of a Mg-Al anticorrelation in
NGC 4372 would indicate that the polluted generation has been
enriched by material from stars where the Mg-Al burning cycle
was active.

The top panels in Fig. 11 show the abundances of elements
involved in the Ne-Na, Mg-Al cycles of proton-capture reactions
in high-temperature H-burning. Carretta et al. (2009a) find that
stars with extreme Al overabundance also show Si enhancement
with respect to the remaining stars in the same cluster. Again,
this effect is limited to massive or metal-poor GGCs. The corre-
lation between Si and Al abundances is a signature of production
of 28Si from the Mg-Al cycle (Yong et al. 2005). The reaction
producing this isotope becomes predominant in the Mg-Al cy-
cle when the temperature is very high (exceeding T = 65 K)
(Arnould et al. 1999). The chemical pattern observed in these
giant stars must be imprinted by a previous generation of mas-
sive stars to be capable of reaching those high temperatures. If
we exclude Star #7 from the analysis, Si does not show large
star-to-star variations, but unfortunately the number of stars with
reliable Si abundances are very limited. A clear Na-Al correla-
tion is evident in our data. This is a reflection of the relation
between the Mg-Al and Ne-Na cycles (see discussion in Gratton
etal. 2012). In fact, Al and Na are predicted to be simultaneously
enhanced when the Ne-Na and Mg-Al cycles are both acting. A
Na-Mg relation is also identified in NGC 4372 stars. This be-
havior does not follow the general trend of GGCs, and in fact
one would expect to find a Na-Mg anticorrelation. This relation
is driven mostly by only two stars. Large Mg errors could cause
this unexpected relation. More extensive samples of stars with
accurate determinations of abundances are required for a more
detailed analysis.

4.6. Heavy elements

While light-element variations are well known in GCs, intrinsic
dispersion among heavier elements is less common. Most of the
heavier elements (Z > 30) are produced by either slow or rapid
neutron-capture reactions (the so-called s- and 7- processes). The
s-process happens in a different physical condition with respect
to r-process and are thus likely to happen in different astrophys-
ical sites. We measured the abundances of the neutron-capture
elements: Y, La, and Ba. These elements are mainly produced
by the s-process at solar metallicity where the neutron-capture
time is much longer than the beta-decay lifetime. From our data
we could not determine the - and s-process ratio of neutron cap-
ture, because we did not measure a reliable abundance for a typ-
ical r-process species (e.g., Eu).

The abundance pattern of heavy neutron-capture elements
(Y, Ba, La) is shown in Fig. 12. We have overplotted the pure
r- and s-process patterns from Simmerer et al. (2004). The
Ba abundance was used to set the zero point of the curves.
Although the analysis includes very few points for any solid con-
clusion, the observed abundance of Y can be reproduced by a
pure r-process pattern.
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loge (EI)
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Atomic Number (Z)

Fig.12. Abundance distribution of heavy neutron-capture elements in
NGC 4372. Black symbols correspond to the individual stars, and
red symbols represent the mean abundance for the cluster (exclud-
ing Star #7). Solid and dashed lines show the scaled-solar r- and
s-process patterns, respectively (Simmerer et al. 2004) and have been
normalized to the mean abundance of Ba. Notation: log € (El) =
10g10(NE1/NH) +12.0

Figure 13 shows the abundance ratios of the heavy elements
analyzed as a function of [Na/Fe] and [Al/Fe]. The [Ba/Fe] abun-
dance ratio is subsolar, in agreement with recent studies that
found that [Ba/Fe] decreases with low metallicites and becomes
subsolar at least in field stars with [Fe/H] < —2.0 (e.g., Gratton
& Sneden 1994; Fulbright 2002). These subsolar values will
agree with recent studies that indicate that metal-poor glob-
ular clusters primarily exhibit r-process signatures, owing to
the inefficiency of s-process in low-metallicity environments
(Gratton et al. 2004; Roederer et al. 2010; Koch et al. 2009). At
[Fe/H] < —2 dex, the environment was not yet polluted by a suffi-
cient number of low-mass AGB stars, and the average s-process
abundances are low. All the elements show an apparent small
dispersion, however the observed range is very comparable to
that expected from the errors (see Table 4) so we cannot con-
firm any clear evidence for an intrinsic spread in any of these
elements.

Only a handful of metal-poor globular clusters show a poten-
tial star-to-star dispersion in neutron-capture elements (Roederer
2011; Kacharov et al. 2013). Marino et al. (2009) find a wide
range of abundances values for s-process elements, Y, Zr, and
Ba, in M22. They also identified a bimodality among these el-
ements. None of the elements show a correlation with Na, O,
and Al. The bimodality in s-process elements in M22 resem-
bles the case of NGC 1851 (Yong & Grundahl 2008), although
in this case the s-element abundance appears to correlate with
the Na, Al, and O abundances. The metal-poor globular cluster
M 15, with [Fe/H] = —2.31 + 0.06 dex (Carretta et al. 2009b),
has also proven to be an interesting case for study. Sneden et al.
(1997, 2000) found a scatter of heavy neutron-capture elements
but no significant s-process enrichment in M15. More recently,
Worley et al. (2013) have found a bimodal distribution of Ba, Eu,
and possibly La in M15. Both modes of the bimodality seem to
be indicative of a pollution scenario dominated by the r-process
and only varying because of different degrees of enrichment. A
group of La-rich and La-poor stars can be identified in our sam-
ple, but such a small sample does not allow us to carry out a
further investigation.
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Fig. 13. Neutron capture elements [Y/Fe], [Ba/Fe], and [La/Fe] as a function of light elements [Na/Fe] and [Al/Fe]. The open symbol corresponds
to Star #7.
s rerr e could imply a definite spread of Y and Ba. Although the spread
0.2 e 0.99 + 0.50 . among heavy elements is comparable to the star-to-star scat-
[ r =0.86 ter found in [Fe/H], heavy element absorption lines are gener-
I g ally difficult to measure. For example, Ba absorption lines are
-00f g quite strong among luminous RGB stars, so saturation could be
I : a problem. They have hyperfine structure and involve the choice
g I . of atmospheric parameters. In particular, they are quite sensitive
8 o2k e - to the choice of microturbulent velocities. These effects could
- e produce an increase in the uncertainties.
s The s-process elements can be considered as a signature of
_04l i the processes that occur in intermediate-mass AGB stars (Busso
- et al. 2001), whose wind could have polluted the primordial ma-
[ terial from which the second generation of stars formed. If the
| e R N N B spread in s-process contents in NGC 4372 is real, this would
-06 -04 ‘%320 Jre) -00 0.2 argue against the abundances of s-process elements being intrin-

Fig.14. Relation of the light and heavy s-process elements,
[hs/ls] = [Ba/Y], as a function of [Ba/Fe]. The open symbol corre-
sponds to Star #7. The dashed line corresponds to the linear fit exclud-
ing Star #7. The solid line corresponds to the 1:1 correlation. The slope
of the fit is represented as o with the correspondent sigma error. The
Pearson correlation coefficient is also shown.

The weak s-process accounts for the major fraction of the
light s-process (Is-) elements, like Y, and occurs in core He-
burning massive stars (M > 8 M) (Pignatari et al. 2010). The
main s-process takes place in thermally pulsating AGB stars
(1 My < M < 8 M) producing light s-process (Is-) and heavy
s-process (hs-) elements, such as Ba and La (Arlandini et al.
1999). Therefore, analysis of ratios between Is- and As- elements
are very interesting for constraining these formation processes.
Figure 14 shows the [As/ls] = [Ba/Y] ratio as a function of the
heavy s-process element Ba. Although the large errors should be
considered, a relation is present between Y and Ba. This relation
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sic to the cluster and suggest that AGB stars can be possible
polluters; however, none of the analyzed heavy elements show
any clear relations with other lighter elements that could suggest
any obvious pollution by AGB stars. Since this potential spread
seems unrelated to the spreads in light elements, the variations
could be attributed to the original inhomogeneities in the gas
that formed the cluster. A larger sample survey of stars at various
evolutionary phases and extensive abundance analysis of a range
of key nucleosynthetic indicators would be essential to confirm
whether this potential star-to-star scatter is real.

5. Summary

In this paper we present the first detailed chemical abundances
of 14 elements in seven red giant members of NGC 4372 us-
ing high-resolution, high signal-to-noise spectroscopy. Chemical
abundances have been computed by Concepcion Node within the
GES collaboration. The classical EW method was used when
possible. For five elements whose lines are affected by blending,
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the spectrum-synthesis method was preferred. One of the stars
in our sample shows a radial velocity that agrees with the cluster
bulk but a distinct chemical signature, so we excluded it from
the statistical analysis.

We found a metallicity of [Fe/H] = —2.19 £ 0.02 with ogps =
0.03 dex, in good agreement with previous, low-resolution, stud-
ies. We ruled out an intrinsic metallicity spread, although the
low value for the one (excluded) star should be born in mind.
We confirmed the Na-O anticorrelation although it was not very
extended, probably owing to our small sample. The abundances
of O are relatively high compared with other globular clusters,
which could indicate that NGC 4372 was formed in an envi-
ronment with high O for its metallicity. Intrinsic spreads were
also seen in other light elements; in particular, an apparent Mg-
Al anticorrelation was detected. The Fe-peak elements generally
show good agreement with other GCs and halo field stars with
no dispersion. The a elements show an enhancement of [a/Fe] =
+0.37 + 0.07 that is typical of other GCs and that indicates sim-
ilar fast star formation time scales. A relation between light and
heavy s-process elements was identified. A larger sample of stars
at various evolutionary phases and extensive chemical analysis
is required for a more definitive analysis.
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